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We present a study of the synthesis of epitaxial V2O3 films on c-plane Al2O3 substrates by reactive
dc-magnetron sputtering. The results reveal a temperature window, at substantially lower values
than previously reported, wherein epitaxial films can be obtained when deposited on [0001] oriented
surfaces. The films display a metal-insulator transition with a change in resistance of up to four
orders of magnitude, strongly dependent on the O2 partial pressure during deposition. While the
electronic properties of the films show sensitivity to the amount of O2 present during deposition
of the films, their crystallographic structure and surface morphology of atomically flat terraced
structures with up to micrometer dimensions are maintained. The transition temperature, as well
as the scale of the metal-insulator transition, is correlated to the stoichiometry and local strain in
the films controllable by the deposition parameters.
Vanadium sesquioxide, V2O3, is a transition metal ox-
ide which undergoes a first order structural phase tran-
sition (SPT) from a high temperature metallic state to a
low temperature insulating state. During this structural
transition the crystal structure of the film changes from a
rhombohedral phase to a monoclinic phase and has been
reported to exhibit a nanotextured phase coexistence in
thin film form.1 The structural transition is linked to
the metal-insulator transition (MIT) and can be observed
through the resistivity of the material. For bulk V2O3,
the transition temperature is around 155 K. However, for
V2O3 thin films grown on single crystal substrates the
temperature and magnitude of the MIT can vary with
the choice of deposition method and conditions, substrate
material and surface orientation.2–4 The controlling ma-
terials parameters involved in these cases include strain
in the film, induced by the lattice mismatch between
V2O3 and substrate material,
5 the amount of vanadium
and oxygen deficiencies,6 crystalline defects, and struc-
tural disorder.7 Tunability of the metal-insulator transi-
tion by stoichiometry in bulk V2−xO3 has been observed
where the increase in oxygen content shifts the MIT to
lower temperatures and fully suppresses the transition for
x > 0.026.8 A similar suppression of the MIT has been
reported in Cr doped V2O3 thin films grown on Al2O3
[0001] surfaces and attributed to Cr promoting oxygen
excess in the films, stabilizing the metallic state.9
In this paper we present a study of the structural and
electronic properties of V2O3 thin films fabricated on
Al2O3 [0001] substrates by reactive dc-magnetron sput-
tering. Controlling the oxygen partial pressure and sub-
strate temperature during growth, we obtain epitaxial
thin film layers of V2O3 showing low roughness terraced
surfaces. The structural quality of the films is linked to
the substrate temperature during deposition and resilient
to changes in the O2 partial pressure during deposition.
However, we observe a strong dependence of the mag-
nitude and temperature of the MIT on the O2 partial
pressure during growth.
The films were fabricated by reactive dc-magnetron
sputtering from a vanadium target using a custom built
magnetron sputtering chamber10. During sputtering the
chamber pressure was maintained at 0.4 Pa with an Ar
flow rate of 20 sccm and O2 flow rate in the range 1.4
to 2.0 sccm. The films were deposited onto unannealed
single crystalline sapphire substrates with c-plane [0001]
surface orientations. During growth, the substrate tem-
perature was controlled in the range of 350◦C to 670◦C.
After film growth the samples were allowed to cool down
in-situ to room temperature before ex-situ characteri-
zation. The thickness of the films was maintained at
∼60 nm. The deposition rate varied slightly for the dif-
ferent O2 settings rising from 0.84 A˚/s at 1.4 sccm up
to a maximum of 0.89 A˚/s at 1.6 sccm before falling
to 0.77 A˚/s at 2.0 sccm. The structural properties and
surface morphology of the films were investigated by x-
ray diffraction, x-ray reflectivity measurements, recipro-
cal space mapping and atomic force microscopy. The
electrical resistance of the films was measured using a
two point resistance measurement setup in the tempera-
ture range of 10 K to 300 K. 100 nm thick gold electrodes
were deposited along the edges of the films after depo-
sition to provide electrical contact to the films. Further
details regarding the experimental procedures are given
in supplementary material.
Figure 1 shows x-ray diffraction scans recorded for
films grown onto c-plane Al2O3 for various substrate tem-
peratures while maintaining a fixed O2 partial pressure.
Varying the growth temperature reveals a finite temper-
ature window within 400◦C to 600◦C (for the chosen O2
flow rate). Within this range, the films display a highly
epitaxial nature with a strong V2O3 (0006) peak and
Laue fringes extending from both sides of the peak. This
is highlighted in Figure 1(b) which shows the ratio of
the mean size of crystalline domains in the vertical di-
rection to film thickness, as a function of temperature.
Previously reported temperature values used for the fab-
rication of epitaxial V2O3 are generally in the range of
700◦C.3,7,11–14 Our results however show that epitaxial
V2O3 films can be obtained using reactive dc-magnetron
sputtering at deposition temperature values substantially
lower than previously reported and without the need for
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FIG. 1. Dependence of structural properties on temperature.
(a) X-ray diffraction scans recorded for films deposited at dif-
ferent substrate temperatures for a fixed O2 flow rate of 1.6
sccm, Ar flow rate of 20 sccm, chamber pressure of 0.4 Pa and
constant sputtering power of 150 W. (b) Ratio of the mean
size of the crystalline domains in the vertical direction, τ , to
film thickness as a function of substrate temperature during
deposition. The perpendicular coherence, τ , was determined
from the FWHM of the V2O3 peak using the Scherrer for-
mula. (c) V2O3 (0006) angular peak position. The dashed
lines in (a) and (c) indicate the angular peak position of bulk
V2O3.
post deposition annealing.15 Figure 1(c) shows the loca-
tion of the V2O3 (0006) peak shifting toward lower val-
ues with increasing temperature crossing the bulk value
of 38.514◦.16 The shift of the peak to higher angles com-
pared to bulk V2O3 indicates compressive strain in the
out-of-plane direction relaxing with increasing deposition
temperature.
Selecting a fixed substrate temperature of 485◦C, from
the x-ray investigations shown in Figure 1, a series of
films were grown at different O2 flow rate settings while
maintaining other growth parameters fixed. Figure 2(a)
shows x-ray diffraction scans of a series of films deposited
at different O2 flow rates from 1.4 sccm to 2.0 sccm. For
these films, only slight shifts of the peak positions (to
within 0.04◦) are observed for the different O2 deposi-
tion conditions. The corresponding values of the c-lattice
parameter range between 13.967 A˚ and 13.954 A˚. In all
cases the films consistently show well-defined Laue oscil-
FIG. 2. Structural resilience with regards to O2 conditions.
(a) X-ray diffraction scans for different O2 flow rates with
other deposition parameters fixed (substrate temperature of
485◦C and sputtering power of 150 W). The inset shows the
position of the V2O3 peak for the different O2 conditions.
Graphs (b) and (c) show reciprocal space maps for films grown
with 1.4 sccm and 2.0 sccm flow rates, respectively, around
the (1 0 -1 10) peaks of V2O3 and Al2O3. RSM scans for the
series is provided in supplementary material.
lations and reveal a vertical coherence close to the film
thickness. Full width at half maximum (FWHM) of rock-
ing curves (ω scans) recorded around the (0006) peaks
are in all cases below 0.003◦. The epitaxial nature of the
films is therefore resilient to variations within this O2
flow rate range.
Figure 3 shows the resistance as a function of temper-
ature for films fabricated under the different O2 condi-
tions. All the films display a clear MIT with varying
magnitude. For these films the resistance change ranges
up to four orders of magnitude for the transition. As the
temperature is further reduced the resistance increases
resulting in a total resistance change of up to 7 orders
of magnitude, limited by the measurement setup. As
illustrated in Figure 2 the structural properties of the
films are preserved. However, under the variation of the
oxygen conditions the temperature dependent resistance
of the films changes. For the films fabricated under the
lower oxygen flows, a clear abrupt transition is observed
with a transition temperature close to that of bulk V2O3.
As the oxygen flow rate increases, both the magnitude
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FIG. 3. Resistance as a function of temperature for the
∼60 nm thick V2O3 films deposited under different oxygen
conditions. The inset schematic illustrates the sample struc-
ture where the resistance of the films was measured using
100 nm thick and 2 mm wide gold contacts deposited along
the edges of the films.
and temperature of the transition are reduced and fi-
nally suppressed. Further reduction of O2 flow settings
(with other growth parameters fixed) was not performed
for this study. However, increasing the sputtering power
revealed a further shift towards higher temperatures (see
supplementary material) beyond the highest temperature
transition recorded and shown in Fig. 3. For these sam-
ples the steepness of the transition was reduced in agree-
ment with observations by Brockman et. al for films
grown with molecular beam epitaxy.6
In order to further investigate the epitaxial nature of
the films and explore the strain within the grown films,
we performed reciprocal space map (RSM) scans of the
films around the asymmetrical (1 0 -1 10) peak. The
(1 0 -1 10) peak was chosen as it has the strongest rel-
ative intensity for V2O3. For all the films, the scans
showed peaks confirming the epitaxy of the films. Fig-
ures 2(b) and (c) show RSM scans for films grown at 1.4
sccm and 2.0 sccm O2 flow rates. The scans show two
layer peaks, one corresponding to a fully strained com-
ponent of the film and one corresponding to a relaxed
part with position close to bulk values. The extracted
c lattice parameters of the relaxed component show a
slight shift towards lower lattice spacing consistent with
the shift in the (0006) peak in the x-ray diffraction scans
(Fig. 2(a)). Extracting the lateral a lattice parameter
gives values in the range of a = 4.977 A˚ to a = 4.971 A˚
for the relaxed part of the film from lowest to highest O2
flow settings. Compared to bulk V2O3 with a = 4.954 A˚
these values show the lattice to be expanded in the plane
of the film. Considering the in-plane lattice parameter of
Al2O3, which is 4.1% smaller than that of bulk V2O3,
this result runs counter to expectation as the relaxed
V2O3 part is expanded in the plane, increasing the lattice
mismatch.5 The variation in the c and a lattice param-
eters we observe for the different O2 conditions are an
order of magnitude lower than that expected for thermal
expansion due to the temperature during growth. Fit-
ting the peak widths in Figures 2 (b) and (c) reveals a
mosaic spread in the range 0.11◦ to 0.28◦ and a lateral
correlation length ranging from 15 nm to 55 nm with in-
creasing O2 flow (see supplementary material).
17,18 The
peaks with Qx values corresponding to the substrate in-
dicate that a fully strained interface layer is formed in
the initial stages of deposition.7,11 The intensity of these
peaks reduces with increased O2 flow rates.
The observed results support the structural model pro-
posed by Schuler et al.5 concerning the local stress evo-
lution as the film grows. Although the strain-relaxation
in the higher O-containing film is more pronounced, the
local tensile strain in the vicinity of the film surface is
higher than that of the low O-containing film due to
more inhabitation of O interstitials in the crystal. This
is evident considering the lateral structural correlation
length being larger as a result of larger lattice mismatch
which causes long-range elastic interaction between dif-
ferent domains of the film, specifically during the phase
transition.1 The oxygen excess we observe in our films is
corroborated by the lattice parameters determined from
the x-ray scans. For bulk V2−xO3, suppression of the
MIT has been observed for x > 0.026.8 The concomi-
tant variations in the a and c lattice parameters reported,
(4.947 A˚<a<4.955 A˚) and (13.995 A˚<c<14.003 A˚), cor-
respond closely to the values we observe for our thin film
variant.
As recently reported1, the phase transition in V2O3
undergoes nanotexturing of insulating and metallic do-
mains where the domains co-existence19,20 and dynam-
ics are governed by the lattice-mismatch-induced elas-
tic interaction between monoclinic and rhombohedral do-
mains. However, during the transition, the dynamics of
the emerging insulating domain can be suppressed by
the stabilization of metallic domains by local stress in
the film.1 Such stress can induce alteration in d-orbital
occupancy21 inducing a collapse in insulating domain
emergence. This phenomenon has been observed for VO2
thin film systems under photoexcitation,22,23 under con-
trolled epitaxial strain,24 predicted for other correlated
metal oxide systems,25 and supported by nano-IR imag-
ing for V2O3.
1 Although metal domain stabilization has
been speculated to be due to epitaxial strain, our results
indicate that the local stress evolution is responsible for
the change in overall film conductivity. The stress evo-
lution in our films is mediated by higher oxygen content,
which we relate to more O-interstitials promoting ele-
vated mismatch and local tensile stress in the vicinity of
the surface.
Figure 4 shows AFM images of the sample series where
the O2 partial pressure was varied (see Figure 2). With
4FIG. 4. 5 × 5 µm2 atomic force microscopy images of V2O3
films deposited under varying O2 flow rates with a fixed sub-
strate temperature of 485◦C. The RMS roughness values for
the images are 0.22 nm, 0.37 nm, 0.40 nm, and 0.40 nm, in
the order of increasing O2 flow.
varying O2 flow rates, the surfaces show large terraced
structures indicating atomically flat epitaxial films in
agreement with the low mosaic spread observed from the
RSM. AFM images recorded for films grown at temper-
atures at the lower and higher end of the temperature
window (see figure 1) showed an increased surface rough-
ness. Gilbert et al. have recently observed an induced
uniaxial anisotropy in Ni films deposited on underlying
V2O3 layers.
12 This induced anisotropy is attributed to
steps in the Al2O3 substrates inducing rips in the overly-
ing Ni layer affecting the magnetization reversal via do-
main wall pinning. Here, we show that atomic terraces
can be obtained directly for sputter deposited V2O3 films
on unannealed c-plane Al2O3 surfaces. Proximity effects
between V2O3 and overlying magnetic layers in hybrid
thin film heterostructures could therefore be tuned by the
morphology at the atomic level of the V2O3 surface.
13
In summary, by controlling the deposition conditions
for reactively sputtered V2O3 films we have fabricated
flat epitaxial films with surface roughness below 0.5 nm
at deposition temperatures below 500◦C. Tuning the O2
partial pressure, we are able to control the temperature
and scale of the metal-insulator transition through stoi-
chiometry and local strain engineering of the films, alter-
ing orbital occupancy and metallicity stabilization while
maintaining the crystal structure minorly affected.
A. Supplementary material
See supplementary material for further details regard-
ing thin film growth, characterization methods, recipro-
cal space maps of the sample sets presented in Figure 2
and resistivity results on complimentary samples.
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